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A strong spin-orbit interaction leads to a Rashba-type splitting of the bulk bands of BiTeCl, which results in
toroidal Fermi surfaces with distinct spin structures depending on the chemical potential. Here, we present spin-
and angle-resolved photoelectron spectroscopy measurements of the three-dimensional spin-orbit split state at
the top of the valence band. Its polarization is systematically studied in dependence of the photon energy and
compared to ab initio calculations of the initial state. The measured spin orientation is in plane to the (0001)
surface and perpendicular to the momentum, independently of the photon energy.
DOI: 10.1103/PhysRevB.91.081201 PACS number(s): 79.60.Bm, 71.20.Nr, 71.70.Ej
In the aim of spintronics research to produce spin currents
and manipulate spins by electric fields, the role of the
spin-orbit interaction (SOI) is essential. Generally, the SOI
significantly affects the band structure even in low-Z materials
(e.g., Ref. [1]). It is also responsible for the band inversion
of topological insulators and the existence of their surface
states [2]. SOI is the key mechanism of spin polarization in
the absence of magnetism and causes the helical spin structure
of topological surface states (TSSs) [3–5] and Rashba-split
states in inversion asymmetric systems [6]. In nonequilibrium
conditions the SOI allows for spin control as in the spin field
effect transistor [7], or as in the case of SOI-induced spin
torque exerted on local magnetic moments [8,9].
Recently, the material class of semiconducting BiTeX (X =
Cl, Br, I) came into focus [10,11], because of a sizable spin
splitting in the surface and bulk states [12–15], arising from a
strong SOI and the materials’ polar and noncentrosymmetric
crystal structure [16]. The charge polarity and helicity of the
spin structure is given by the stacking order of the atomic
layers. A similar spin splitting is predicted in the bulk states of
GeTe, a ferroelectric semiconductor, where the spin orientation
is expected to be switchable by reversing the spontaneous
charge polarization [17].
In this Rapid Communication, we study the spin polariza-
tion of the bulk valence band (VB) of BiTeCl by means of spin-
and angle-resolved photoelectron spectroscopy (SARPES and
ARPES). While the spin structures of two-dimensional surface
or quantum well states have been extensively studied in the
past [18], SARPES measurements of Rashba-split bulk bands
are still lacking. We would like to emphasize that neither in
this study, nor in our previous studies [19], did we find any
evidence of topologically nontrivial states as recently claimed
by Chen and co-workers [20].
The crystals were grown as described in Ref. [19] and
structurally analyzed by x-ray diffraction measurements. All
the ARPES experiments were performed at the COPHEE
endstation of the Surface and Interface Spectroscopy beamline
at the Swiss Light Source [21]. The in situ sample cleaving
and the subsequent measurements were carried out at a sample
temperature of 20 K and a base pressure of lower than
3 × 10−10 mbar. The ARPES experiments were performed
with an Omicron EA125 analyzer, and the spin information
was obtained by a pair of orthogonally mounted 40 kV classical
Mott detectors, except for the measurements in Fig. 2, which
were obtained in single Mott mode. Figure 1(a) schematically
illustrates the experimental setup; the incoming p-polarized
beam of light and the lens of the hemispherical analyzer form
a 45◦ angle. Angular photoelectron spectroscopy scans in the
scattering plane or perpendicular to it are performed by rotating
the sample about the y or the x axis, respectively.
The electronic structure calculations were performed within
the density functional theory (DFT) as implemented in the
Vienna ab initio simulation package [22]. The all-electron
projector augmented wave (PAW) [23] basis sets were used
with the generalized gradient approximation (GGA) of Perdew,
Burke, and Ernzerhof (PBE) to the exchange correlation (XC)
potential. Relativistic corrections, including SOI, were taken
into account.
The unit cell of BiTeCl (space group C46v) is built up out
of two triple layers of alternating and hexagonally arranged
Bi, Te, and Cl layers [Figs. 1(b) and 1(c)] [16]. The two
triple layers are connected by a screw operation, a rotation
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FIG. 1. (Color online) (a) Schematic illustration of the ARPES
measurement geometry; the beam of light and the hemispherical
analyzer form a 45◦ angle. (b) BiTeCl crystal structure; the unit
cell is marked with black lines. (c) BiTeCl hexagonal Brillouin
zone. (d) Left panel: ARPES band map around the bulk  point
(hν = 20 eV) of Cl-terminated BiTeCl. Right panel: EDC at the
momentum of the VBM (k+ ≈ 0.07 ˚A−1). (e) Spin-resolved EDC at
ky = k− = −k+. Top panel: Total intensity measured with the Mott
detectors (+). The lines represent the fitted total intensity and the
energy-split top VB, respectively. Bottom panel: In-plane tangential
polarization Sx (×) with the fitted curve (line). The inset shows a
vectorial representation of the spin polarization of the individual
bands. (f) Same as (e), but measured at k+ along ky . (g) and (h) show
the in-plane tangential polarization (Sy) measured at kx = k− and k+,
respectively, confirming the helical spin texture.
by 60◦, and a shift by half of the lattice parameter c along the
hexagonal axis. Space groups containing symmetry operations
that are not a product of a point group operation and a lattice
translation, such as screw axes and glide plane operations, are
called nonsymmorphic [24] and experimentally manifest in the
photoemission selection rules [25,26]. In the case of BiTeCl,
the spectral intensity is suppressed around every other  point
in the out-of-plane momentum (kz) direction as a consequence
of its screw axis [19].
The natural cleaving plane of BiTeCl lies between the
Te and the Cl layers, such that the (0001) surface is ter-
minated either by a pure Te or Cl atomic layer. While at
Te-terminated (0001) BiTeCl surfaces several sets of surface
states both in the VB and conduction band (CB) can be
spectroscopically observed, no evidence of their theoretically
anticipated counterparts on Cl-terminated surfaces can be
found. Their absence is likely to be related to a photon-induced
surface chemical effect [19]. The band map in the left panel
of Fig. 1(d) shows the top of the VB and bottom of the
CB of the bulk measured at a Cl-terminated surface with
20 eV photon energy, roughly corresponding to the bulk K
direction. The Rashba-type splitting of the top of the VB has its
maximum at k+ = −k− ≈ 0.07 ˚A−1 and is around 170 meV,
as shown in the energy distribution curve (EDC) in the right
panel.
The SARPES experiments were performed at two momenta
located symmetrically on either side of . Figures 1(e) and 1(f)
show spin-resolved EDCs at 20 eV photon energy across the
top VB at k− and k+ along the bulk K crystal direction,
in this case the y direction of the manipulator. While the top
panels show the sum of the intensity profiles measured by
each Mott channel, the bottom panels contain the measured
photoelectron spin polarization in the direction tangential (Sx)
to the constant energy contour of the initial state. The radial
and out-of-plane component of the spin polarization are small
compared to the tangential component [27]. By simultaneously
fitting the measured total intensity and the three measured spin
polarization curves, a spin polarization vector is assigned to
each band [28]. The numbered pseudo Voigt profiles in the top
panels are the result of the fitting procedure. Their splitting is
determined to be (130 ± 10) meV and matches reasonably well
with the spin-integrated measurement considering the larger
angular integration range of a spin-resolved measurement. A
representation of the spin polarization vectors of the individual
bands can be found in the inset of the bottom panel.
For measurements with momenta along the x direction
of the manipulator, the spin polarization retains its mostly
tangential (Sy) orientation. Figures 1(g) and 1(h) show the
tangential component of the spin polarization for kx = k− and
k+, respectively, measured along the bulk M crystal direction
(see Ref. [27] for the radial and out-of-plane components). The
insets show the result of the fitting procedure; within exper-
imental resolution, no out-of-plane polarization is measured
and the radial polarization is small.
The absence of surface states on Cl-terminated BiTeCl
(0001) and the large spin-orbit coupling give one the opportu-
nity to examine the evolution of the photoelectron polarization
of a kz dispersing bulk state. The measured spin polarization
is significantly reduced at higher photon energies of 22 and
24 eV, which roughly correspond to kz momenta halfway along
the A line, and at the A point, respectively [27]. Further,
no reorientation away from its tangential orientation can be
observed. At these low photon energies the kz broadening
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FIG. 2. (Color online) (a) Band maps at different photon energies; 68 and 77 eV photon energy roughly correspond to the kz of the A and
the  point, respectively. (b) Spin-resolved EDCs at ky ≈ ±0.11 ˚A−1 at the same photon energies as in (a). The black triangles in the abscissa
mark the energy of the zero crossing of the spin polarization averaged for both ky values; for reference, the zero crossing at the  point is
indicated by gray triangles.
is large due to the low probing depth [29], and half of
the relatively small Brillouin zone is swept over roughly
within an only 4 eV wide photon energy window. In general,
the kz resolution in ARPES is enhanced by increasing the
photon energy, therefore we additionally measured photon-
energy-dependent spin-resolved EDCs in the Brillouin zone
around the ninth bulk  point at roughly 77 eV photon
energy where the photoemission intensity is still sufficient for
spin-resolved measurements. The spin-integrated band maps
in Fig. 2(a) measured along the projected K direction depict
the dispersion between the A8 point (68 eV) and the 9 point
(77 eV).
The spin-resolved EDCs in Fig. 2(b) were performed at
ky ≈ ±0.11 ˚A−1 on either side of normal emission along
the K crystal direction. The measurements were recorded
starting with low photon energies with a total acquisition time
of 14 h. A progressive degradation of the sample surface is
reflected in the diminishing intensity (solid lines) towards
higher photon energies. The in-plane spin polarization (×)
of the top VB at 77 eV is compatible with the corresponding
measurement at 20 eV photon energy, in the sense that the
helicity is the same, while the maximally measured spin
polarization is reduced by roughly 50%. The mainly in-plane
polarization is again accompanied by a small out-of-plane
component [27]. Towards lower photon energies, i.e., closer
towards the bulk A point, the spin polarization amplitude
gradually decreases. This increase towards the bulk  point
is observed contrary to the trend of decreasing sample quality
with time and is compatible to the measurements at lower
photon energies.
In order to understand the spin structure of the initial state,
we performed fully relativistic DFT calculations as shown
in Figs. 3(a)–3(d). The color of the data points [defined in
the inset of Fig. 3(a)] reflects the degree of spin polarization,
projected in plane and tangentially to the momentum vector.
Figures 3(a)–3(c) show the in-plane dispersion and spin
polarization of the VBs close to the band gap at (a) kz = 0
(along KM), (b) 12π/c (along KM), and (c) π/c (along
HAL). The vertical dashed lines indicate the momentum of
the valence band maximum (VBM).
Generally, the mirror symmetry of the crystal demands the
spin polarization to be fully in plane and tangential along M
for any kz. While out-of-plane spin polarization is allowed
for, e.g., the related compound BiTeI along and around the
K crystal direction [10], in the case of BiTeCl, the screw
operation symmetry inhibits out-of-plane spin polarization of
any band in the entire Brillouin zone. Figure 3(d) shows the kz
dispersion of the same bands at fixed in-plane momenta k =
k+ (M), 0 (), and k− (K), corresponding to the momenta
of the VBM on either side of the  point and the zone center,
respectively. Along the entire A line all the bands are doubly
spin degenerate. Compared to BiTeI, in BiTeCl the unit cell is
doubled, which leads to a band backfolding about the HAL
plane and a doubling of the number of bands. Within the HAL
plane, the screw symmetry prohibits band gaps and the bands
are at least doubly degenerate while retaining a finite spin
polarization [24–26]. In order for two bands with the same spin
polarization to meet in the HAL plane, the band order is inter-
changed at a kz close to the zone boundary: In theK direction,
two bands of opposite spin polarization hybridize and swap the
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FIG. 3. (Color online) Relativistic DFT calculations of the
BiTeCl VB dispersion and spin structure close to the bulk band gap
along KM at (a) kz = 0, (b) kz = 12π/c, and (c) kz = π/c. The color
of the data points indicates the degree of polarization, which is purely
in plane and perpendicular to the in-plane momentum. The dashed
lines indicate the VBM at k‖ = k− and k+. (d) kz dispersion and
spin structure for k‖ = k− (left panel), 0 (center panel), and k− (right
panel). (e) kz dependence of the spin polarization for the topmost
VBs α and β Sα,β (k). Also shown is the energy splitting between α
and β [(k)]. (f) Left: Schematic illustration of the dispersion. Right:
Transition of the Fermi surface topology depending on the chemical
potential. The colors indicate the helicity of the spin structure.
sign of their polarization [left panel of Fig. 3(d)], whereas in the
M direction they cross each other [right panel of Fig. 3(d)].
Apart from the momentum region where the mentioned
hybridization takes place, the spin polarization is gradually
reduced towards the HAL zone boundary plane, as depicted in
Fig. 3(e). The graph, on the one hand, shows the kz dependence
of the tangential spin polarization of the energy-split top band
[α and β, cf. Fig. 3(a)] at the in-plane momenta of the VBM
along K [Sα(k−) and Sβ(k−)] and along M [Sα(k+) and
Sβ (k+)]. In addition, the energy splitting of the top VB steadily
decreases towards theA point [(k−) and(k+)]. Based on the
theoretical calculations, a schematic illustration of the initial
state Fermi surface of BiTeCl and its in-plane helical spin
structure is given in Fig. 3(f). Note that DFT calculations
only model the spin polarization of the initial state; however,
extensive photoemission calculations including the final states
are beyond the scope of this experimental work.
It has been shown that circular dichroism (CD) measure-
ments of the surface states of BiTeCl and related compounds
are strongly photon energy dependent and thus CD is not a
suitable probe for the spin polarization [30,31]. It is under
debate how and whether the photoelectron spin polarization
measured in SARPES portrays the spin structure of the initial
state. The role of orbital selectivity of the photoemission
process seems crucial, since the different orbitals forming
an initial state couple to distinct spin structures [32,33].
Several mechanisms that additionally introduce photon energy
dependence into the spin signal are also under investigation
for either certain energy ranges [34] or generally [35] due to
interference of the layer-dependent spin-orbital texture.
The above-mentioned studies refer to two-dimensional
states. In three dimensions the optical selectivity rules apply
similarly; in the used geometry, the spin signal of the top
of the VB derives mostly from the dominant orbitals with
pz character. Because of the finite probing depth of ARPES
and the truncation of the crystal, spin-dependent interference
effects can in principle also occur in bulk states [36]. The
SARPES data of three-dimensional states presented in this
Rapid Communication, however, show a photoelectron spin
polarization that, for the used photon energies, is consistent
with the DFT calculation of the initial states; most importantly,
the helical rotation tangentially to the in-plane constant energy
contour is independent of the experimental geometry [cf.
Figs. 1(e)–1(h)]. The photon-energy-dependent reduction of
the maximally measured degree of spin polarization towards
the zone boundary can be explained with the reducing energy
splitting and the band crossing on either side of the HAL
plane. In addition, the steep kz dispersion of the initial states
around theHAL zone boundary leads to a decreased resolution
due to the intrinsic energy and kz broadening [29]. The kz
broadening at the used photon energies is in the order of
20% of the Brillouin zone (2π/c ≈ 0.51 ˚A−1 [16]). SARPES
measurements in the soft x-ray photon energy regime which
would significantly increase the kz resolution are not feasible
to date.
In summary, we have performed systematic spin-resolved
measurements on the bulk VB of BiTeCl at various photon
energies corresponding to different kz in the bulk Brillouin
zone. Using p-polarized light we find no reorientation of
the spin polarization vector within the studied photon energy
ranges. We did observe a significant reduction of the degree of
spin polarization in the kz direction towards the Brillouin zone
boundary, where the bands are doubly degenerate but still spin
polarized. The reduction of the measured spin polarization
can be explained by an increased band overlap and limited
kz resolution. Our data not only help in the understanding
of the spin-polarized bands of BiTeCl and the related BiTeX
materials but contribute to the discussion about the mechanism
of spin polarization in ARPES.
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